Ϫ

/NPY
Ϫ mice respond normally obesity, insulin-resistant diabetes, and infertility, an un-(or even excessively) to the satiety effects of leptin. Thus, derstanding that has profoundly changed the field of other targets of leptin must exist within the brain for nutritional physiology. Although the consequences of bringing about the responses to both low and high leptin the absence of leptin signaling are clear, determining levels. the normal physiological role for leptin required further
The agouti, POMC, Melanocortin Connection experimentation. One model is that circulating leptin
In parallel with progress on leptin and NPY, a second levels rise with nascent obesity, engaging receptors in front has developed rapidly in the realm of leptin targets the hypothalamus, where actions are initiated that limit in the hypothalamus. The initial observation came from food intake and alter autonomic output (Zhang et al., the lethal yellow (A y /a) mouse, an autosomal dominant obesity model. Obesity in these mice is accompanied 1994). The latter stimulates increased heat production expresses NPY), approximately 30% of the POMC neurons express the mRNA for the leptin receptor long form, and arcuate POMC mRNA expression is regulated positively by leptin (Thornton et al., 1997) . Thus, one can envision a loop in which rising leptin (with obesity) drives increased arcuate POMC expression, which then projects ␣-MSH containing axons to MC4R-expressing cell bodies elsewhere in the hypothalamus, causing decreased food intake.
But the MC4 receptor pathway is not restricted to a single agonistic ligand, as a newly discovered neuropeptide acts as an antagonist on this same receptor. Agoutirelated peptide (AGRP), also named agouti-related transcript (ART), is a homolog of agouti (Ollmann et al., 1997 , and references therein) whose expression is largely restricted to the arcuate nucleus, where it is markedly increased in leptin deficient ob/ob mice. AGRP antago- as seen in leptin-deficient mice, it appears that MC4 receptor signaling is not required for the neuroendocrine by increased linear growth and altered hair pigmentaeffects of leptin deficiency. Is this pathway required for tion. The disorder is caused by ectopic and unregulated the satiety effects of elevated leptin? A downstream expression of agouti, a protein normally restricted to hair role for MC4 receptors in the satiety action of leptin is follicles where it affects pigmentation by antagonizing supported by two lines of evidence. First, Ay mice with melanocyte stimulating hormone (␣-MSH). A break-MC4 receptor blockade develop obesity despite marked through came with the demonstration that agouti antaghyperleptinemia, and leptin administered peripherally or onizes several members of the melanocortin receptor into the CSF has markedly reduced effect (Halaas et al., family (Lu et al., 1994) , including the MC1 receptor in hair 1997). Second, pretreatment of rodents with an MC4 follicles (explaining the coat color) and MC4 receptors, receptor antagonist acutely blocks the satiety-inducing which are largely restricted to the brain. This observation action of leptin (Seeley et al., 1997) . However, this view suggested that melanocortin receptor blockade in the of the leptin-melanocortin axis has been challenged by brain could produce obesity, and has been followed by results of a genetic cross between ob/ob and A y /a mice. observations defining a system for metabolic regulation
In these experiments, the A y and ob/ob lesions were by two opposing ligands, one an agonist and the other demonstrated to have additive effects on weight gain an antagonist at the MC4 receptor (Figure 1) . and serum insulin. These mice respond normally to exTwo results placed the MC4 receptor at a pivotal posiogenous leptin, suggesting that the leptin resistance of tion in the central pathways for energy homeostasis.
A y /a mice requires, or is in some way a consequence of, Targeted deletion of the MC4 receptor produced a synthe chronic leptin excess . Potential drome of obesity (Huszar et al., 1997) similar to that of mechanisms might include down-regulation of leptin reAy mice, absent the pigmentary defect that required ceptor or downstream signaling, or induction of antagoderegulated expression of agouti in skin acting on MC1
nists by chronic leptin exposure. Clearly, the MC4 recepreceptors. Additionally, the observations of decreased tor is likely to mediate some of leptin's actions, but feeding after central administration of agonists (e.g., additional work will be required to define precisely what ␣-MSH) and the increased feeding after administration these are. of a synthetic receptor antagonist (Fan et al., 1997) proFrom the Mediobasal to the Lateral Hypothalamus vide pharmacological evidence for the role of the MC4 Heretofore, the molecular focus has been on the medioreceptor. What is the endogenous ligand for this rebasal hypothalamus, where the signaling form of the ceptor? Recent studies have produced a number of leptin receptor and neuronal cell bodies expressing surprises. ␣-MSH, produced from proopiomelanocortin NPY, POMC, and AGRP reside, all apparently under (POMC) precursors, appears to fit the role of agonist to leptin control. But how do the signals from these sites impact the neural underpinning of hunger and satiety, decrease feeding. In the arcuate nucleus (which also and by what route does the lateral hypothalamus play Hypocretin The second novel factor localized to the lateral hypothala role? Although the distance separating the arcuate amus is hypocretin, which is exclusively expressed in nucleus and lateral hypothalamus is but a few millimethe lateral hypothalamus (de Lecca et al., 1998) . Hypoters, complex neural circuitry is likely involved, as inforcretin was discovered through direction tag PCR submation from leptin signaling is integrated with numerous traction, the goal of which was to identify mRNAs specifother inputs relevant to nutritional homeostasis, includically expressed in hypothalamus. Hypocretin mRNA ing circadian signals and inputs from higher centers.
encodes two peptides that have homology to the gut One potential link between the mediobasal hypothalahormone secretin, and neurons encoding hypocretin are mus and the lateral hypothalamus may involve melanolocated in an area that overlaps the distribution of MCHcortin 4 receptors. These receptors are expressed in containing neurons. Projections of these neurons are cells of the lateral hypothalamus (Mountjoy et al., 1994) , complex and extend into the arcuate nucleus, the septal but the chemical identity of these neurons is unknown.
nucleii and the basal forebrain, and the preoptic area. These neurons may provide an important link between
The signaling role of the hypocretins and whether they the early steps of leptin action and the higher functions have any role in body weight regulation remain undethat underlie food-seeking behavior, since cells within fined. the lateral hypothalamus (such as MCH neurons, see Orexins below) directly innervate higher cortical centers. LeptinFinally, discovery of the two orexins and their receptors responsive cells in the dorsomedial hypothalamus may is reported in this issue of Cell (Sakurai et al., 1998 ). The play a major role in transducing leptin's effects on autoeffort that led to this discovery is a technical tour de nomic output (Elmquist et al., 1998) .
force. Yanigasawa and colleagues sought ligands that New Mediators in the Lateral Hypothalamus bound to orphan G protein-coupled receptors. Using The molecular mechanism for signaling from lateral hycell lines expressing 50 of these, they searched brain pothalamus to higher centers that regulate hunger and extracts for activation of calcium currents and sucsatiety has been obscure, but once again, genetic apceeded in purifying and cloning cDNAs encoding two proaches have begun to clarify the chemical anatomy.
related peptides, orexins A and B, produced from a By three distinct genetic approaches, five novel lateral single protein precursor by proteolytic processing. The hypothalamic neuropeptides that may play important mRNA expressing the orexins is expressed in an exroles in energy balance and obesity have been identified. tremely limited distribution within the lateral hypothalaMelanin-Concentrating Hormone (MCH) mus, with some expression within the testes. RemarkThe first new actor was melanin-concentrating hormone ably, orexin expression increases with starvation, and (MCH) (Nahon, 1994 , and references therein). Initially central administration induces hyperphagia. Thus, quite discovered in chub salmon pituitaries, salmon MCH cirrapidly, the number of peptides selectively expressed culates and regulates skin color by acting on melanoin the lateral hypothalamus has increased from none to somes within pigmented skin cells. MCH lightens skin by five, and the number regulated by nutrition and capable inducing aggregation of melanosomes. ␣-MSH induces of inducing hyperphagia has gone from none to three. skin darkening in this system, by inducing dispersion of It will be critical to determine whether MCH, orexins, melanosomes. Thus, MCH and ␣-MSH are functional, and hypocretins are expressed in the same cells, and though not pharmacological antagonists in the fish scale to map the projections of these cells throughout the system.
brain. Potential functional interactions between these The presence of MCH in mammalian hypothalamus neuropeptides are also of great interest. was described in the mid-1980s, confined to a group of New Directions magnocellular neurons in the lateral hypothalamus and
Having identified an array of new neurochemicals that zona incerta. MCH neurons project to the nucleus of the regulate appetite and energy homeostasis, much still solitary tract and the parabrachial nucleus, but are highly remains to be done. First, there is little reason to suspect unusual in also having diffuse monosynaptic projections that the last of the important actors has been discovto the medial prefrontal cortex, leading to suggestions ered, and so fishing expeditions will be trolling hypothalthat MCH plays a role in complex integrative behaviors.
amic waters in search of more big trophy catches. New PCR-based differential display was employed to idenmolecules in the pathway, such as MCH, orexins, and tify mRNA's that were expressed differentially in the hypocretins will be deleted and overexpressed, and gehypothalamus of ob/ob mice compared to littermate netic models will be combined to produce models of controls, and MCH came out of this screen (Qu et al., gene interactions in vivo. A role of these genes in human 1996). Overexpression of MCH mRNA was seen in ob/ obesity will also be sought. Since monogenic human ob mice; fasting increased expression both in control obesities are likely to be uncommon, it will be necessary and ob/ob animals. Intracerebroventricular administrato probe interactions between the central pathways that tion to rats stimulated feeding. It is of interest that MCH respond to leptin and other signals involved in energy and ␣-MSH have opposing actions in rat brain, as they homeostasis. For example, what are the adaptations to do in fish scales. This opposition is in models of auditory knockout or overexpression of individual neuropeptides gating, grooming, and most recently feeding. However, and receptors, and how do these potential adaptations unlike ␣-MSH and AGRP, which antagonize each other interact with genetic background and environmental by acting on the same receptor, MCH has no affinity for conditions such as diet and stress. known melanocortin receptors and acts via an as-yet-
The foregoing reminds us that, for humans at least, decisions to eat or not (or more precisely what to eat unidentified receptor. and when to stop) are highly complex, residing at the fuzzy interface between free will and physiology. We eat for many reasons, including those that are hedonic, those that emerge from psychic conflicts, and those that relate to basic survival. Our new knowledge of the chemical anatomy of the lateral hypothalamus is a long way from reducing these complex issues to simple synaptic equations. On the other hand, since massive obesity in humans may result from defective signaling by a single receptor (e.g., the leptin receptor) (Montague et al., 1997) , we are reminded that the genetic roots of hunger and satiety in humans run deep. The continued pursuit of these factors will be productive for years to come.
